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Summary 
Cerebellar long-term depressioo (LTD) may be reliably 
induced in the cultured Purkinje neuron when gluta- 
mate pulses and Purkinje neuron depolarization are 
applied together 6 times. When the number of these 
conjunctive stimuli was reduced to 2, a short-term de- 
pression (STD) lasting 20-40 min was induced in 4112 
cells. The enzyme phospholipase Az cleaves mem- 
brane phospholipids causing liberation of free unsatu- 
rated fatty acids, which in turn synergistically activate 
protein kinase C when present with diacylglycerol and 
Ca. Application of free unsaturated fatty acids with 2 
conjunctive stimuli resulted in an apparentconversion 
of STD cases to LTD. Application of phoqpholipase 
A2 inhibitors during 6 conjunctions convertgd LTD to 
STD. These findings suggest a model in which libera- 
tion of unsaturated fatty acids by phospholipase Az 
contributes to a synergistic activation of protein ki- 
nase C, the full activation of which results in LTD in- 
duction, and the partial activation of which results in 
STD induction. 
Introduction 
It has been proposed that long-term use-dependent alter- 
ations in synaptic strength underlie information storage in 
the brain. Experimentally, these increases and decreases 
in synaptic efficacy are most frequently studied as the 
phenomena called long-term potentiation (LTP) and long- 
term depression (LTD), respectively. LTP and LTD are 
broad terms, each of which refers to several distinct phe- 
nomena that may be engaged by different patterns of neu- 
ral activity and have different molecular requirements for 
induction (Linden and Connor, 1995). These phenomena 
are promising candidates for the substrates of behavioral 
memory, in part because of their long duration. For exam- 
ple, LTP in the hippocampus has been shown to persist 
for weeks (Castro et al., 1989). Behavioral studies in both 
humans and animals have shown that, in a number of 
learning tasks, information appears to be initially stored 
as an easily disrupted short-term form and then is consoli- 
dated into a more stable long-term form (Squire, 1987). 
A parallel, and perhaps related, dissociation has been 
demonstrated in persistent changes of synaptic strength: 
in addition to LTP and LTD, certain patterns of stimulation 
can give rise to short-term potentiation (STP) and short- 
term depression (STD), phenomena that typically last from 
15 min to 2 hr (Malenka, 1991; Lovinger et al., 1993). In 
addition to STP and STD, there are a set of even shorter 
duration changes in synaptic strength lasting on the order 
of seconds to several minutes, reviewed by Zucker (1989). 
Cerebellar LTD is a persistent, input-specific attenua- 
tion of parallel fiber-Purkinje neuron (PN) synapses that 
results from coactivation of parallel fiber and climbing fiber 
inputs to a PN at low frequency (Ito et al., 1982). It has 
been suggested to underlie certain forms of motor learning 
(Thompson, 1986; Ito, 1989) and is generally understood 
to have three initial requirements for induction. The paral- 
lel fibers release glutamate, which acts upon both metabo- 
tropic receptors (Linden et al., 1991), specifically mGLUR1 
(Aiba et al., 1994; Conquet et al., 1994; Shigemoto et al., 
1994) and AMPA receptors (Linden et al., 1993; Hemart 
et al., 1995). The climbing fiber contributes to LTD induc- 
tion via Ca influx through voltage-gated channels (Sakurai, 
1990; Konnerth et al., 1992), which is triggered by an 
AMPA receptor-mediated EPSP. These initial signals are 
followed by stimulation of protein kinase C (PKC), the acti- 
vation of which is also required (Crepe1 and Jaillard, 1990; 
Linden and Connor, 1991; Hartell, 1994). The involvement 
of a nitric oxide/cGMP cascade in the induction process 
remains controversial, with some groups finding evidence 
for (Crepe1 and Jaillard, 1990; Shibuki and Okada, 1991; 
Daniel et al., 1993; Hartell, 1994; Lev-Ram et al., 1995) 
and others against (Glaum et al., 1992; Linden and Con- 
nor, 1992; Linden et al., 1995) a role of this signaling path- 
way. Cerebellar LTD is expressed, at least in part, postsyn- 
aptically as it is detected as a decrease in response to 
exogenous pulses of glutamate (Ito et al., 1982; Crepe1 
and Krupa, 1988) or AMPA (Linden et al., 1991). 
Using cultured mouse PNs, a simplified postsynaptic 
preparation has been developed for the study of cerebellar 
LTD in which iontophoreticglutamate pulses and PN depo- 
larization are substituted for parallel fiber and climbing 
fiber stimulation, respectively. The depression so induced 
may be seen as a reduction of the glutamate-induced cur- 
rent as measured with a patch electrode attached to the 
PN soma (Linden et al., 1991; Shigemoto et al., 1994). 
Previous work has shown that application of six glutamate/ 
depolarization conjunctive stimuli reliably induces LTD of 
glutamate test pulses (Linden et al., 1993). The present 
report utilizes the cultured Purkinje neuron preparation to 
demonstrate the novel phenomenon of cerebellar STD 
and to test the hypothesis that activation of the enzyme 
phospholipase AP (PLA,) is critical in mediating the transi- 
tion between STD and LTD in this cell. 
Results 
Figure 1 illustrates an experiment in which the number of 
conjunctive stimuli was varied and the time course of PN 
responsivity was assessed. Application of 6 conjunctive 
stimuli resulted in 1 l/12 cells in which LTD was induced 
and 1 cell in which there was no significant change in 
response. Two conjunctive stimuli induced both LTD and 
STD in different cells (5/12 LTD, 4/12 STD, 3/12 no 
change; see Figure 1 legend for response categorization 
criteria). Attempts to increase the proportion of STD cases 
by reducing the amplitude or duration of the depolarization 
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Figure 1, Reducing the Number of Glutamate/Depolarization Conjunc- 
tive Stimuli in an “LTD-Inducing” Protocol Recruits Cases of STD 
(A) Glutamate/depolarization conjunctive stimulation can result in no 
step were not successful (data not shown). For a given 
category of response, the amplitude and time course did 
not vary with the number of conjunctive stimuli used to 
induce it. For example, LTD of the same amplitude was 
induced by 6, 4, or 2 conjunctive stimuli (Figure 1C). 
Once it has been demonstrated that both LTD and STD 
may be induced by varying numbers of stimuli, it becomes 
important to determine the cellular events that underlie 
STD versus LTD induction. In so doing, some light may 
be shed upon the molecular basis of a form of memory 
consolidation. In searching for the signaling mechanism 
that controls STD versus LTD induction, the enzyme PLA, 
was examined for the following reasons. Previous work 
had established that LTD induction requires the metabo- 
tropic receptor mGLUR1, the activation of which produces 
inositol-1,4,5trisphosphate (IPa) and 1,2diacylglycerol. 
IP:, binds IPa receptors and results in a mobilization of 
Ca from nonmitochondrial intracellular stores. 1,2diacyl- 
glycerol, together with Ca, activates PKC, which is also 
required for LTD induction. P& is a Ca-dependent en- 
zyme that cleaves the 2-acyl moiety from membrane phos- 
pholipids, resulting in the liberation of free unsaturated 
fatty acids such as oleate and arachidonate. Several bio- 
chemical studies havedemonstrated that these free unsat- 
urated fatty acids, when applied alone, can produce a 
small activation of purified PKC in vitro (McPhail et al., 
1984; Murakami and Routtenberg, 1985; Murakami et al., 
1986) but can produce a large, synergistic activation of 
PKC and consequent phosphorylation of its substrate pro- 
teins when present together with 1 ,Bdiacylglycerol and 
Ca (Lester et al., 1991; Shinomura et al., 1991; Chen and 
Murakami, 1992; Schaechter and Benowitz, 1993; Coffey 
et al., 1994). Thus, activation of PLA2, together with 
mGLUR1 -linked phospholipase C, could result in a syner- 
gistic activation of PKC that could underlie LTD induction. 
In addition, induction of cerebellar LTD has been shown 
to be dependent upon coactivation of mGLUR1 and AMPA 
receptors (Linden et al., 1991; Hemart et al., 1995) in a 
manner that requires Na influx through the AMPA- 
associated ion channel (Linden et al., 1993). Likewise, a 
synergistic release of arachidonate from cultured striatal 
neurons has been reported with mGLUR/AMPA coactiva- 
tion (Dumuis et al., 1990) and this phenomenon is also 
dependent upon Na influx (Dumuis et al., 1993). Finally, 
change (open circles), STD (closed circles), or LTD (open squares) of 
glutamate test pulses. Time courses illustrated are from representative 
single cells that received two conjunctive stimuli at t = 0 min (indicated 
by the heavy horizontal bar). Current traces correspond to the times 
illustrated by the letters (a, b, and c). Scale bars, 3 s, 50 pA. 
(B) Cell responses were categorized according to the following 
scheme. Responses in which the glutamate-induced current amplitude 
was >95% of baseline at both t = 10 min and t = 40 min were scored 
as “no change.” Responses in which currents were <70% of baseline 
at both t = 10 min and t = 40 min were scored as “LTD” cases, and 
those in which currents were <70% of baseline at t = 10 min and 
>95% of baseline at t = 40 min were scored as”STD.” All cells tested 
fell into one of these three categories. 
(C) The mean f SEM current amplitude at t = 40 min is shown for 
the treatments and categories of response shown in (6); n for each 
bar may be determined by reading the value of the corresponding bar 
in (B). 
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immunocytochemistry performed with an antiserum di- 
rected against human cytosolic PLA, (kindly provided by 
R. M. Kramer and J. A. Clemens) showed strong immuno- 
reactivity in cultured mouse PNs (data not shown). 
As a first test of the PLA2 hypothesis, the fatty acids 
oleate (5 PM) or arachidonate (5 PM), products of the P&- 
catalyzed reaction, were added to the external saline dur- 
ing the application of two conjunctive stimuli, and the resul- 
tant time courses were analyzed (Figure 2). Both oleate 
and arachidonate treatments resulted in a complete aboli- 
tion of STD cases. Compared with the control case in 
which LTD was induced 5/12 times, oleate and arachido- 
nate resulted in 6/l 2 and 9/l 2 cases, respectively. Applica- 
tion of oleic acid methyl ester (OAME, 5 pfvl), which does 
not activate PKC (Murakami and Routtenberg, 1965), did 
not significantly alter the frequency of LTD or STD cases 
compared with the control group. These results suggest 
that the application of free unsaturated fatty acids facili- 
tated the induction of LTD in those cells that might other- 
wise have expressed STD. It should be noted that, 
whereas both arachidonate and oleate are effective in the 
synergistic activation of PKC (Shinomura et al., 1991; 
Chen and Murakami, 1992), arachidonate but not oleate 
is a substrate for extensive further metabolism into prosta- 
glandins, leukotrienes, etc. (Needleman et al., 1966), sug- 
gesting that arachidonate metabolites are unlikely to un- 
derlie the effect of these compounds on the apparent 
conversion of STD to LTD. 
If unsaturated fatty acids liberated by PLA2 are neces- 
sary for the induction of LTD but not STD, then inhibitors 
of PLA2 such as mepacrine (Mallorga et al., 1960) or ma- 
noalide (de Freitas et al., 1964; Glaser and Jacobs, 1966) 
should convert a reliable LTD induction protocol to STD 
induction. Application of six conjunctive stimuli, which 
induced LTD in 11112 cells in control conditions, resulted 
in STD induction when administered in the presence of 
either mepacrine (50 FM) or manoalide (1 PM) in all cells 
tested (Figure 3A). In contrast, U73122 (5 PM), an inhibitor 
of phospholipase C (Jin et al., 1994), resulted in a total 
blockade of any form of depression, similar to that pre- 
viously seen with metabotropic receptor antagonists (Lin- 
den et al., 1991)6r PKC inhibitors (Linden and Connor, 
1991). Application of PLA2 inhibitors starting 5 min after 
LTD induction by 6 conjunctive stimuli had no effect (Fig- 
ure 3B), suggesting that while PLA2 activation is critical 
during the conjunctive stimulation, continued PLA2 activa- 
tion is not required to maintain LTD. 
Perhaps, PLA2 inhibitors are only effective in converting 
LTD to STD within a narrow window of conjunctive stimula- 
tion intensity. To assess this idea, 16 conjunctive stimuli 
were applied in an attempt to induce LTD maximally. This 
resulted in LTD induction of a frequency (6/6 cells) and 
amplitude (52.3% f 6.1% at t = 40 min; n = 6) indistin- 
guishable from that produced by 6 conjunctive stimuli 
(6/6 cells; 59.0% -c 6.4% at t = 40 min; n = 6). Manoalide 
applied using the same protocol illustrated in Figure 3C 
was similarly effective in converting LTD to STD when the 
LTD was induced using 16 conjunctive stimuli (57.0% f 
9.5% at t = 10 min; 102.6% f 7.4% at t = 40 min; 
n = 5). 
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Figure 2. Exogenous Unsaturated Fatty Acids That Are Capable of 
Activating PKC Result in an Apparent Conversion of STD Induction 
to LTD Induction 
(A) Fatty acids (5 PM) were applied together with 2 conjunctive stimuli 
(fatty acids from t = -15 to t = 5 min, 2 conjunctive stimuli at t = 0 
min) and the resulting responses were categorized as indicated in 
Figure 1. The control case is repeated from Figure 1 lo allow for com- 
parison. 
(6) Mean responses at t = 40 min for the treatments and categories 
indicated in (A). 
An LTD-like effect may be induced by application of 
phorbol esters, which strongly activate PKC (Crepe1 and 
Krupa, 1966; Linden and Connor, 1991). Bath application 
of 1 pM phorbol-12,13-dibutyrate from t = O-10 min re- 
sulted in a slowly developing depression of glutamate test 
pulses similar to that previously reported (51.6% + 9.3% 
at t = 40 min; n = 6). Manoalide (1 PM) applied throughout 
the experiment did not significantly alter the time course 
or amplitude of the phorbol ester-induced LTD (54.9% + 
9.6% at t = 40 min; n = 4), suggesting that phorbol ester 
activation of PKC is sufficiently strong to render unneces- 
sary the synergistic contribution of unsaturated fatty acids 
to LTD induction. 
Two strategies were undertaken to determine whether 
the effects of PLAz inhibitors on LTD induction were, in 
fact, a result of PLA2 inhibition. First, oleate and arachido- 
nate, the normal products of the PLA2-catalyzed reaction, 
were applied together with manoalide to determine 
whether its effect could be reversed. Application of either 
fatty acid at a concentration of 5 pM completely reversed 
the effects of manoalide; 6 conjunctive stimuli gave rise 
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Figure 3. Phospholipase AZ Inhibitors Convert 
LTD Induction to STD Induction 
(A) Six glutamate/depolarization conjunctive 
stimuli were applied at t = 0 (indicated by 
heavy horizontal bar) together with inhibitors 
of PLA, (mepacrine. manoalide) or phosphoii- 
pase C (U73122). The drugs were present from 
t = -15 tot = 5 min. as indicated by the light 
horizontal bar (n = 6 per group). 
(6) Phospholipase 4 inhibitors applied after 
LTD induction (indicated by light horizontal bar, 
t = 5 to 45 min) were without effect. Scale bars, 
3 s. 30 pA; n = 5 per group. 
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to stable LTD with amplitude comparable to that of controls 
(Figure 4A). Coapplication of OAME (5 PM) did not reverse 
the manoalide effect. The simplest explanation for this 
result is that oleate and arachidonate exerted their effect 
on LTD induction by contributing to the activation of PKC. 
Alternatively, these compounds might have induced a de- 
layed depression which when summated with an STD re- 
sponse, produced a time course that resembled LTD. 
However, this latter explanation can be excluded by the 
finding that application of oleate, either alone or together 
with 6 depolarizing steps (the latter in the absence of gluta- 
mate pulses), had no effect on the amplitude of glutamate- 
induced inward currents (Figure 48). The second strategy 
was to assess the effects of PLA, inhibitors on other pro- 
cesses known to be necessary for LTD induction such as 
mGLUR-activated phosphoinositide turnover and voltage- 
gated Ca influx (Table 1). These measurements were un- 
dertaken by determining free intracellular Ca with fura- 
microfluorimetry. To assess mGLUR1 function, fura- 
AM-loaded PNs were stimulated with 1 s pulses of 100 
KM quisqualate in a Ca-free external saline to measure 
Ca mobilization in the absence of influx. This yields an 
index of phosphoinositide turnover as the IPs produced by 
this process mobilizes Ca from IPa receptor-gated internal 
stores. Neither manoalide nor mepacrine produced a sig- 
nificant alteration in quisqualate-induced Ca mobilization 
when applied at a concentration that converted LTD to 
STD (5 PM). To assess voltage-gated Ca channel function, 
fura- (KS-salt, 200 PM) was dissolved in the internal saline 
and delivered via the recording micropipette. Ca increases 
in the proximal dendrite produced by a depolarizing step 
identical to that used in the conjunction protocol were mea- 
sured in normal (2 mM Ca-containing) external saline. This 
value, representing a combined contribution of Ca influx 
and Ca-induced Ca release, was not altered by either drug. 
If inhibition of PLA, is effective in converting LTD to STD 
because it results in partial rather than full activation of 
PKC, then it might be possible to convert LTD to STD 
using the appropriate concentration of a PKC inhibitor. 
We have previously shown that application of the PKC 
catalytic site inhibitor chelerythrine (Ki = 0.7 PM; Herbert 
et al., 1990) to the internal saline at a concentration of 10 
PLAz and Cerebellar Long-Term Depression 
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Figure 4. Effects of the PLAz Inhibitor Manoa- 
lide Were Reversed by Exogenous Application 
of the Natural Products of PLA, Action, Oleate 
or Arachidonate 
(A) In each group, manoalide was applied to- 
gether with 6 glutamate/depolarization con- 
junctive stimuli (from t = -15 to t = 5 min, 
indicated by light horizontal bar). In some 
cases, exogenous free fatty acids were applied 
during this same period, all at 5 PM concentra- 
tion. The manoalide-alone case is the same as 
that shown in Figure 3A, duplicated here for 
comparison (n = 6 per group for manoalide 
alone, n = 5 per group for all other treatments). 
(6) Exogenous oleate was applied (from t = 
~7 to t = 8 min, indicated by light horizontal 
bar) either alone or together with 6 depolariza- 
tions (indicated by arrow at t = 0 min). It is 
important to note that during this treatment, 
glutamate pulses were not given together with 
depolarization. Scale bars, 3 s, 25 pA; n = 5 
per group. 
uM produced a complete blockade of LTD induction by 6 
glutamateldepol@ation conjunctive stimuli (Linden et 
al., 1995). Application of this drug to the internal saline at 
0.2 and 2.0 uM resulted in no blockade of inhibition in the 
former case and an LTD response of reduced amplitude 
in the latter (Figure 5). In no cells was an STD response 
seen. 
Discussion 
Together, the present findings suggest a model in which 
liberation of unsaturated fatty acids by PLA* contributes 
to a synergistic activation of PKC, the full activation of 
which results in LTD induction, and the partial activation 
of which results in STD induction. There are several ways 
Table 1. PLAz Inhibitors Do Not Exert Their Effects on LTD Induction via Inhibition of Ca Influx or Mobilization 
Treatment Control Manoalide, 1 9M Mepacrine, 50 PM 
Resting, 2 Ca saline 93 f 11 nM 90 f 15 102 f 9 
Depolarization-evoked 493 2 23 519 + 27 504 f 30 
Resting, 0 Ca saline 27 f 5 24 k 8 29 f 7 
Quis-evoked 295 f 19 280 + 18 296 -+ 23 
Values are peak Ca concentrations (mean -c SEM). n = 15 cells per group of which 5 per group were incubated in normal (2 mM Ca-containing) 
external saline and stimulated with a 3 s depolarizing pulse from -90 to 0 mV, and 10 per group were incubated in 0 Cal 0.2 EGTA external saline 
and stimuated with a pressure pulse of 100 nM quisqualate (dissolved in 0 Ca10.2 EGTA saline, 6 psi, 2 s). Cells were incubated in PLA2 inhibitors 
starting 15 min prior to stimulation. Resting values were measured immediately before stimulation. Depolarization evoked values were measured 
as the peak during a 30 s measuring period following the onset of depolarization, and quisqualate-evoked values were measured as the peak 
during a 120 s measuring period following the onset of the pressure pulse. 
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in which partial versus full activation of PKC could be con- 
ceptualized in relation to cerebellar LTD. These mecha- 
nisms are by no means mutually exclusive. First, and most 
directly, fully activated PKC could have a higher rate of 
phosphotransferase activity, as has been assessed bio- 
chemically using purified enzyme or brain homogenate 
(Lester et al., 1991; Shinomura et al., 1991; Chen and 
Murakami, 1992; Schaechter and Benowitz, 1993; Coffey 
et al., 1994). If this were the basis of the STDlLTD transi- 
tion, then one would expect that low concentrations of a 
catalytic site PKC inhibitor applied together with six gluta- 
mate/depolarization conjunctive stimuli would be able to 
convert LTD to STD. Experiments using the PKC inhibitor 
chelerythrine at concentrations of 0.1-10 uM have pro- 
duced a total blockade of LTD and a graded suppression 
of LTD amplitude, but no conversion to STD (Figure 5) 
(Linden et al., 1995) suggesting that this model is not 
likely. Second, full activation of PKC could be of a greater 
duration. This would presumably allow for the phosphory- 
lation of a greater number of substrate molecules. How- 
ever, the observations that application of either PLA? inhib- 
itors (see Figure 3B) or PKC inhibitors (Linden and Connor, 
1991) at t = 5 min had no effect on the time course of 
previously established LTD limit such a model to a rather 
narrow temporal window. The third model, which I favor, 
is that fully activated PKC could have access to a different 
set of substrate proteins than does partially activated PKC. 
This could result from the differential effects of free unsatu- 
rated fatty acids in the activation of a range of PKC iso- 
forms with different substrate specificity (Nakanishi and 
Exton, 1992; Nishizuka, 1992). Alternatively, activation of 
a single isoform by diacylglycerol alone versus diacylglyc- 
erollunsaturated fatty acid could produce different pat- 
terns of substrate phosphorylation. This could result from 
either conformational differences in the enzyme itself or, 
perhaps, differential distribution in cellular subcompart- 
ments (cytosol, plasma membrane, membranesof internal 
organelles, nucleus, etc.). In the case of cerebellar LTD 
in culture, which is known to be postsynaptically ex- 
40 50 
Figure 5. Low Concentrations of a PKC Inhibi- 
tor Do Not Convert LTD to STD 
Chelerythrine, a catalytic site PKC inhibitor, 
was added to the internal saline at the concen- 
trations indicated. Six glutamate/depolariza- 
tion conjunctive stimuli were applied at t = 0 
(indicated by horizontal bar), which resulted in 
LTD similar to that seen in previous control 
groups (0.2 uM) or LTD of reduced amplitude 
(2 NM). Each point represents the mean + 
SEM; n = 5 per group. 
pressed, the relevant targets might be glutamate recep- 
tors or proteins that interact with them. 
Arachidonate has been reported to have several effects 
in neural tissue that are unlikely to be related to either 
further metabolism or PKC activation (for review, see Att- 
well et al., 1993). For example, arachidonate attenuates 
a voltage-gated Ca conductance in hippocampal neurons 
in a manner that is dependent upon the production of oxy- 
gen radical species (Keyser and Alger, 1990). Arachido- 
nate has also been reported to potentiate NMDA receptor- 
mediated currents in cerebellar granule cells (Miller et al., 
1992) and to inhibit the clearance of synaptically released 
glutamate by glial uptake (Barbour et al., 1969). However, 
these phenomena are unlikely to underlie the effects of 
oleate and arachidonate on cerebellar LTD induction. As 
cerebellar LTD induction requires operation of voltage- 
gated Ca channels, attenuation of Ca influx would be ex- 
pected to block rather than promote this process. An effect 
on NMDA receptors is an unlikely candidate, as NMDA 
receptor-mediated currents are not altered in LTD (Linden 
and Connor, 1991) nor is NMDA receptor activation re- 
quired for LTD induction (Linden et al., 1991) In fact, while 
NMDA receptors are present on cultured embryonic PNs 
such as those used in this study, they are developmentally 
down-regulated such that they are absent on adult PNs 
(KrupaandCrepel, 1990; Rosenmundetal., 1992). Finally, 
an attenuation of glial glutamate uptake would be ex- 
pected to produce a potentiation rather than a depression 
of glutamatergic synaptic transmission. In any case, such 
an effect would be unlikely to be reflected in a response to 
the exogenous glutamate pulses employed in the present 
protocol. However, Kovalchuk et al. (1994) have reported 
that bath application of 20-25 PM arachidonate produced 
a depression of AMPA-mediated synaptic transmission at 
the parallel fiber-PN synapse in 39% of cerebellar slices 
examined and that this depression was independent of a 
change in presynaptic fiber volley, suggesting a postsyn- 
aptic site of action. We have failed to see such an effect 
in the present system when 5 uM oleate was used and 
73% and Cerebellar Long-Term Depression 
PN responses were probed with exogenous pulses of glu- 
tamate (see Figure 46). 
There is a rather substantial literature examining the 
role of PLA, and unsaturated fatty acids, particularly ara- 
chidonate and its metabolites, on other model systems of 
synaptic plasticity. One of these is an STD of a sensorimo- 
tor synapse in the marine mollusk Aplysia thought to un- 
derlie habituation of the gill withdrawal reflex. This phe- 
nomenon seems to be mediated, at least in part, by 
lipoxygenase metabolites of arachidonic acid (Piomelli et 
al., 1987), which produce a variety of alterations in both 
presynaptic ion channels and the secretory apparatus to 
depress neurotransmitter release (Byrne et al., 1993). In 
mammalian brain, PLA2 inhibitors have been shown to 
havevarious effectson hippocampal LTP induction includ- 
ing conversion of LTP to STP (Linden et al., 1987; Williams 
and Bliss, 1988; Okada et al., 1989; Massicotte et al., 
1990) in a manner analogous to that se& in the present 
report. Furthermore, exogenous application of unsatu- 
rated fatty acids has been claimed to convert a weak stimu- 
lus that previously elicited no change or STP, to one that 
induced LTP (Linden et al., 1988; Williams et al., 1989; 
Bramham et al., 1994), and LTP induction has been shown 
to be correlated with increases in free arachidonate (Clem- 
ents et al., 1991). Certain of these reports have been taken 
to suggest that arachidonic acid is a retrograde messenger 
that is produced as a consequence of NMDA receptor 
activation in the postsynaptic cell and that travels to the 
presynaptic terminal to trigger a long-lasting increase in 
transmitter release. However, the observation that the ara- 
chidonate-enhanced induction of LTP may be blocked by 
an NMDA receptor antagonist (O’Dell et al., 1991) sug- 
gests that it may not function as a retrograde messenger 
downstream from NMDA receptor activation, but rather 
that it serves to enhance Ca flux through the postsynaptic 
NMDA receptor-associated ion channel (Miller et al., 
1992). In either case, the role of the PLA&nsaturated fatty 
acid signal in cerebellar LTD is likely to be independent 
of any retrograde action, as this phenomenon may be de- 
tected with exogenous glutamate pulses that bypass neu- 
rotransmitter reletse. 
It is unlikely that the PLA,-dependent STDlLTD transi- 
tion is the only determinant of response duration in the 
later phases of cerebellar LTD. If we turn once again to 
other model systems, examples may be found of several 
later phases. In hippocampal LTP, it has been claimed 
that there is not only a transition point at 15 min-2 hr 
postinduction wherein protein kinase activation is critical 
for response maintenance, but also another at 2-4 hr 
where new protein synthesis becomes necessary (for re- 
view, see Bailey and Kandel, 1993). Similar claims for a 
protein synthesis-dependent late phase have been made 
using various invertebrate model systems including long- 
term adaptation of the crayfish neuromuscular junction 
and both long-term heterosynaptic inhibition and long- 
term facilitation of a sensorimotor synapse in Aplysia (Lin- 
den and Connor, 1995). In the latter case, weak stimulation 
of CAMP-dependent protein kinase is proposed to result 
in short-term facilitation, while strong stimulation is pro- 
posed to result in long-term facilitation (for review, see 
Byrne et al., 1993), a result similar to that presented here. 
At present, the existence of later phases of cerebellar LTD 
and the potential role of protein synthesis therein, remains 
unexplored. 
It should be cautioned that, at present, cerebellar STD 
and the role of PLA2 therein have only been demonstrated 
in the isolated postsynaptic cell culture system. Whereas 
many aspects of cerebellar LTD have been shown to be 
present in both this reduced culture system and the cere- 
bellar slice (for review, see Linden and Connor, 1995), 
there is one notable exception. While a role for a nitric 
oxide/cGMP cascade in LTD induction has been sug- 
gested by most (Crepe1 and Jaillard, 1990; Shibuki and 
Okada, 1991; Daniel et al., 1993; Hartell, 1994; Lev-Ram 
et al., 1995) but not all (Glaum et al., 1992) studies in slice, 
studies from this laboratory using the present cell culture 
LTD protocol have failed to find evidence for such a mech- 
anism (Linden and Connor, 1992; Linden et al., 1995). As 
such, it will be useful to determine if the present observa- 
tion can be confirmed using a slice preparation. 
The model suggested by the present findings is one in 
which activation of PLA2 comprises the transition mecha- 
nism between STD and LTD induction: liberation of unsat- 
urated fatty acids by PLAz-mediated catalysis contributes 
to a synergistic activation of PKC, the full activation of 
which results in LTD and the partial activation of which 
results in STD. A prediction of this model is that six gluta- 
mate/depolarization conjunctive stimuli will consistently, 
strongly activate both phospholipase C and PLAz resulting 
in full activation of PKC, while two conjunctive stimuli will 
sometimes (4/12 cells in the present case) activate phos- 
pholipase C but only sometimes or only weakly activate 
PLA;?, resulting in partial activation of PKC in those cases 
in which STD is induced. Tests of this prediction will await 
development of methods to induce LTD and STD in a vol- 
ume of tissue suitable for biochemical analysis as, at pres- 
ent, cerebellar LTD in both culture and in slice prepara- 
tions has only been convincingly demonstrated in single 
PNs. 
Experimental Procedures 
Mouse cerebellar cultures were prepared and maintained according 
to the method of Schilling et al. (1991). Cultures were maintained m 
vitro for lo-16 days at the time of use in electrophysiologlcal experi- 
ments. Whole-cell patch electrodes were attached to PN somata and 
were used to apply a holding potential of -80 mV. lontophoresis elec- 
trodes (1 vrn tip diameter) were filled with 10 mM glutamate (in 10 
mM HEPES, pH 7.1 with NaOH) and were positioned - 20 pm away 
from large-caliber dendrites. Test pulses of glutamate were delivered 
using negative current pulses (600-800 nA, 30-150 ms duration) ap- 
plied at a frequency of 0.05 Hz. After acquisition of 10 min of baseline 
responses, either 2, 4, or 6 conjunctive stimuli were applied, each 
consisting of a glutamate test pulse combined with a 3 s long depolar- 
ization step to 0 mV, timed so that the depolarization onset preceded 
the glutamate pulse by 500 ms. Cells were bathed in a solution that 
contained 140 mM NaCI. 5 mM KCI, 2 mM CaCI,, 0.6 mM MgC12, 10 
mM HEPES, 10 mM glucose, 0.005 mM tetrodotoxin, and 0.1 mM 
picrotoxin, adjusted to pH 7.35 with NaOH, which flowed at a rate of 
0.5 mllmin. The recording electrode contained 135 mM KCI, 10 mM 
HEPES, 1 mM EGTA. 4 mM Naz-ATP, and 0.4 mM Na-GTP, adjusted 
to pH 7.35 with KOH. Patch electrodes were pulled from N51A glass 
and polished to yield a resistance of 3-5 Ma when measured with the 
Internal and external salines described above. Membrane currents 
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evoked by application of glutamate were recorded with an Axopatch 
XJOA amplifier in resistive voltage-clamp mode and stored on a chart 
recorder that imposed a O-30 Hz bandpass. Experiments were con- 
ducted at room temperature. Protonated forms of the fatty acids oleate 
and arachidonate, as well as oleic acid methyl ester (OAME), were 
dispersed in external saline by vigorous vortex mixing and ultrasonica- 
tion. Phorbol-12,13dibutyrate (PDB, LC Services), U73122 (Calbio- 
them), mepacrine (Sigma), and manoalide (Wake) were prepared as 
stock solutions in lo%-50% dimethyl sulfoxide before their addition 
to external saline. All of these drugs were applied by switching the 
bath solution to one containing the drug at a point upstream from the 
bath chamber. Chelerythrine chloride was prepared as a stock in 100% 
dimethyl sulfoxide prior to being dissolved in internal saline for use 
(LC Laboratories). 
Imaging of intracellular free Ca was accomplished by incubation 
of cerebellar cultures in fura-2/AM, and following washout of unincor- 
porated dye, measurement of the background-corrected fluorescence 
ratio at 337 and 384 nm excitation using a cooled charge-coupled 
device camera system. Illumination at 337 nm was provided by a 
pulsed nitrogen laser operating at 20 Hz; at 384 nm, by a separate 
nitrogen-pumped laser using the dye Exalite 384 (Laser Science, Inc.). 
This light was passed through a quartz fiberoptic Y-conduit to the 
epifluorescence train of a Zeiss Axiovert 100 equipped with a 40 x 1.3 
NAoil-immersion objective. Emission at 505 nm was passed through a 
dichroic mirror and was focused on the chip (Thompson 7883) of a 
slow-scan cooled charge-coupled device camera (Photometrics 
CH250). Exposure times were 200 ms per single wavelength image. 
Digitized images were acquired to magneto-optical disk using custom 
software (kindly provided by Dr. D. W. Tank) running on a Macintosh 
llci microcomputer, Free calcium concentration was derived from the 
F337/F384 ratio measurements using the standard relationship out- 
lined by Grynkiewitz et al. (1985). 
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